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Introduction
The testis contains two distinct sets of cytochrome P450 (CYP) enzymes. One set consists of steroidogenic CYP enzymes (e.g. CYP11A1 and CYP17A1), which are involved in testosterone biosynthesis (Shan et al., 1993) . The other set comprises those CYP enzymes, such as CYP1B1 (Otto et al., 1992) , that play a major role in the biotransformation of hydrophobic xenobiotic compounds to more water-soluble metabolites. The physiological role of xenobioticmetabolizing CYP enzymes in testis is not definitively known, but it has been proposed that they catalyze the oxidative biotransformation of lipophilic xenobiotic or endogenous compounds within the testis, which has important implications for testicular toxicity (Schuppe et al., 2000) .
Gene expression profiling of various CYP mRNA transcripts in mouse (Choudhary et al., 2003) and human (Bieche et al., 2007) tissues have shown that CYP1B1 is one of the most abundantly expressed CYP genes in extrahepatic tissues, such as testis and adrenal gland, with little or no CYP1B1 mRNA or protein detectable in human liver (Chang et al., 2003) . An investigation of the tissue distribution of CYP1B1 in rats detected CYP1B1 mRNA only in the testis and adrenal gland of male rats (Walker et al., 1995) .
Previous studies have shown that expression of several rat hepatic microsomal CYP enzymes is subject to developmental and complex hormonal regulation (Waxman and Chang, 2005) . Growth hormone (GH), or more specifically, the pattern of GH secretion from the pituitary, gonadal steroids (testosterone and estradiol), and thyroid hormones are involved in the regulation of various rat hepatic CYP enzymes, including CYP2C11, CYP2C12, and CYP3A2.
Much less is known about the hormonal regulation of CYP enzyme expression in rat extrahepatic tissues. In particular, there is little information on the developmental expression or hormonal regulation of testicular CYP1B1 protein. Jefcoate and co-workers reported that hypophysectomy DMD #25635 5 decreased testicular CYP1B1 protein levels by approximately 60% in adult rats (Otto et al., 1992) . They also studied the hormonal regulation of CYP1B1 in rat adrenal gland (Bhattacharyya et al., 1995; Brake et al., 1999) . The testis, like the adrenal gland, is a steroidogenic tissue, but in contrast to the adrenal gland, it is subject to different hormonal influences (Haider, 2004) . Thus, regulation of CYP1B1 expression in rat testis is likely to be different from that in the adrenal gland or other tissues.
In the present study, we characterized the developmental profile and investigated the influence of pituitary, gonadal, and thyroid hormones on the regulation of testicular CYP1B1 expression in rats. Our results indicate age-dependent expression of testicular CYP1B1 protein and suggest that although luteinizing hormone (LH) is the primary pituitary hormone controlling constitutive expression of CYP1B1, multiple hormones influence, either directly or indirectly, the regulation of this rat testicular enzyme. The remainder of the testes was used immediately for preparation of testicular microsomes by differential ultracentrifugation (Thomas et al., 1981) .
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Materials and Methods
Chemicals and
Microsomal Protein Assay and Determination of Total CYP Content. Microsomal protein concentrations were determined using the Bio-Rad Protein Assay Kit, with bovine serum albumin as the standard. The absorbance was measured at 595 nm. Total CYP content was determined from the sodium dithionite-reduced carbon monoxide difference spectrum, using a molar extinction coefficient of 91 cm -1 mM -1 (Omura and Sato, 1964) .
Gel Electrophoresis and Immunoblot Assay. CYP1B1 protein expression was
determined by immunoblot analysis. Testicular microsomal proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and electrophoretically transferred onto nitrocellulose membranes, as described previously (Chang et al., 2003) . Membranes were incubated with rabbit anti-rat CYP1B1 serum (1:500 dilution) for 2 h at 37°C, followed by a 2-h incubation with alkaline phosphatase-conjugated goat [Fab′] min. Calibration curves were constructed as described previously (Chang et al., 2003) . The level of CYP1B1 cDNA expression was normalized to the amount of total cDNA, as quantified by the PicoGreen dsDNA Quantitation Kit.
Statistical Analysis. The significance of the difference between the means of two groups was assessed by the two-tailed, independent student's t-test. When there were more than two groups in the experiment, the significance of the difference between the group means was assessed by one-way or two-way analysis of variance and, where appropriate, was followed by the Student Newman-Keuls multiple comparison test. All the statistical analyses were performed using the SigmaStat software program (SPSS Inc., Chicago, IL). The level of significance was set a priori at p < 0.05.
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Results
Developmental Expression of Testicular CYP1B1. Testicular CYP1B1 protein levels were determined in prepubertal (22 days old), pubertal (34 days old), and adult (84-91 days old) intact rats. The mean (± S.E.M.) CYP1B1 protein content of testis isolated from 22-day old rats was 5.9 ± 2.0 pmol per mg microsomal protein, as determined by densitometric quantification of immunoblots, and it was 7-fold greater in 34-day-old rats and 10-fold greater in adult rats ( Fig.   1 ). A mean testicular CYP1B1 protein content of 57 pmol per mg microsomal protein was determined for adult rats. This value represents almost 70% of the total CYP content of testicular microsomes, based on a value of 80 pmol of total CYP per mg testicular microsomal protein, as determined in the present study.
Effects of Hypophysectomy.
To investigate the role of the pituitary-testis axis in the regulation of testicular CYP1B1 expression, we first determined the effect of hypophysectomy on CYP1B1 expression in rat testis. Hypophysectomy of adult rats decreased testicular CYP1B1 protein levels by approximately 70% (Fig. 2 ). Analysis of a larger set of samples (n = 18) indicated that hypophysectomy was associated with a reduction in body weight (431 ± 4 g vs.
194 ± 6 g, mean ± S.E.M.), absolute testes weight (3.39 ± 0.05 g vs. 0.54 ± 0.06 g), and relative testes weight (0.79 ± 0.01% of body weight vs. 0.28 ± 0.03% of body weight).
Effect of Treatment with Pituitary Hormones.
Hypophysectomy disrupts the pituitary-testis axis by altering secretion of pituitary hormones, such as GH (Jansson et al., 1985) , LH (Mendis-Handagama, 1997), FSH (Ghosh et al., 1992) , and prolactin (Ghosh et al., 1992) . To investigate the effect of GH on testicular CYP1B1 protein expression, intact and hypophysectomized adult male rats were treated with GH (0.12 μg/g body weight) (Kawai et al., This article has not been copyedited and formatted. The final version may differ from this version. to mimic the male pulsatile GH secretory profile (Waxman et al., 1991) . As shown in Fig. 2 , intermittent GH injections did not restore CYP1B1 protein levels in hypophysectomized adult rats, but suppressed CYP1B1 protein levels by 63%, when compared to vehicle-treated, hypophysectomized adult rats (i.e. CYP1B1 protein content was 11% of the levels in intact adult rats). In contrast, intermittent GH injections did not affect testicular CYP1B1 levels in intact rats. These findings indicate that one or more pituitary-determined factors, other than GH, are necessary for the basal expression of testicular CYP1B1 in adult rats.
To investigate the effect of exogenous LH, FSH, and prolactin on testicular CYP1B1
expression, hypophysectomized adult male rats were treated with LH (0.12 unit/rat; equivalent to 100 µg/rat), FSH (0.45 unit/rat; equivalent to 100 µg/rat), or prolactin (4.6 I.U./rat; equivalent to 100 µg/rat) by twice daily s.c. injections for 15 consecutive days, either individually or in various combinations. As shown in Fig. 3 , when administered individually, LH and FSH, but not prolactin, increased testicular CYP1B1 protein expression in hypophysectomized rats, when compared to vehicle-treated, hypophysectomized rats, but the levels remained below that of intact, untreated adult male rats. Treatment with both LH and FSH was not more effective than either treatment alone. However, when LH was administered together with prolactin, CYP1B1
protein expression was increased above that produced by LH treatment alone to a level that was 72% of that in intact, untreated adult male rats. The combination of prolactin, LH, and FSH did not lead to a further increase, when compared to the group administered both prolactin and LH.
Consistent with the protein data (Fig. 3) , prolactin potentiated the effect of LH on CYP1B1 mRNA levels in hypophysectomized rats (Fig. 4) .
This article has not been copyedited and formatted. The final version may differ from this version. Effect of Treatment with Gonadal Hormones. Hypophysectomy is known to disrupt androgen biosynthesis and to reduce circulating androgen levels (Ghosh et al., 1992) . To determine if administration of exogenous androgen is capable of restoring testicular CYP1B1 expression, hypophysectomized adult rats were treated with testosterone propionate (0.5 or 5 mg/kg) or an equivalent volume of the vehicle by once daily s.c. injection for 14 consecutive days (Bandiera and Dworschak, 1992; Sundseth and Waxman, 1992) . As shown in Fig. 5 , treatment with testosterone propionate at both dosages increased testicular CYP1B1 protein levels to a similar extent (2-fold and 2.5-fold, respectively), when compared to the vehicletreated group, but did not restore CYP1B1 expression to that of intact adult male rats.
The effect of estrogen on basal testicular CYP1B1 expression was assessed in intact adult rats. Treatment of intact adult male rats with estradiol benzoate (1.5 mg/kg) (Putz et al., 2001) by once daily s.c. injections for 14 consecutive days decreased testicular CYP1B1 protein expression by 91%, when compared to rats that received an equivalent volume of the vehicle (propylene glycol) (Fig. 6) . Treatment with estradiol benzoate was as effective as hypophysectomy ( Fig. 2) at suppressing testicular CYP1B1 expression.
Effect of Treatment with T 3 and T 4 .
To determine if thyroid hormones affected testicular CYP1B1 expression, hypophysectomized adult male rats were treated with T 3 (2 mg/kg/day), T 4 (50 µg/kg/day), or an equivalent volume of the vehicle by once daily s.c.
injections for 7 consecutive days. The dosages of T 3 and T 4 are supraphysiological and receptorsaturating (Oppenheimer et al., 1977) and have been reported to render hypophysectomized rats euthyroid (Ram and Waxman, 1990) . As shown in Fig. 7 , treatment with T 3 increased testicular CYP1B1 protein expression by 3-fold, when compared to the vehicle-treated control group.
Testicular CYP1B1 protein levels in T 3 -treated rats were 13% of those in intact, untreated adult This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
CYP1B1 protein is expressed at a relatively high level in rat testis. At a protein content of 57 pmol/mg, CYP1B1 may be the most abundant CYP enzyme in testicular microsomes from adult rats. The reason why CYP1B1 is expressed at a high level in these tissues is not known. In an attempt to determine if CYP1B1 expression is dependent on hormonal factors, we investigated its ontogeny and the effect of hypophysectomy and administration of exogenous pituitary, gonadal, and thyroid hormones on testicular CYP1B1 levels.
Evidence that CYP1B1 gene expression may be developmentally regulated was provided by an oligonucleotide-based microarray gene profiling study of rat Leydig cells at different stages of development (Ge et al., 2005) . CYP mRNA levels, however, do not necessarily correlate with protein levels. In the present study, we showed that CYP1B1 protein was present at relatively low levels in the testis of prepubertal rats and the levels increased between 22 and 34 days of age and between 34 and 70 days of age. The developmental increase in testicular CYP1B1 protein expression ( Fig. 1 ) did indeed reflect the changes in CYP1B1 mRNA levels determined in rat Leydig cells representing progenitor, immature, and adult Leydig cells (Ge et al., 2005 (Takeyama et al., 1986 ).
The molecular basis by which LH induced CYP1B1 protein levels is not clear at this time, but it may involve LH receptor activation and increased intracellular levels of cAMP, which is the mechanism by which LH increases expression of genes encoding CYP enzymes involved in androgen synthesis (Eacker et al., 2008) .
This article has not been copyedited and formatted. The final version may differ from this version. Prolactin had no effect when administered alone, but it increased testicular CYP1B1 protein expression when administered in combination with LH. Prolactin has been reported to increase the number of LH receptors on rat Leydig cells and to potentiate the effect of exogenous LH on testosterone synthesis (Takeyama et al., 1986) . It is possible that increased LH receptor expression may be the basis for the increase in testicular CYP1B1 protein levels observed after the combination treatment of LH and prolactin. Such a mechanism has been proposed for the previous finding that prolactin potentiates the effect of LH on the testicular expression of steroid 5α-reductase (Takeyama et al., 1986 ).
GH does not appear to play a positive role in testicular CYP1B1 expression because intermittent administration of GH to mimic the male pattern of endogenous GH secretion (Waxman et al., 1991) did not restore testicular CYP1B1 levels. We had anticipated that GH may be involved in the positive regulation of CYP1B1 because GH is involved in testicular development (Hull and Harvey, 2000) and because GH, especially the pattern of GH secretion from the pituitary, has been shown to play an important role in the regulation of several hepatic CYP enzymes (Waxman and Chang, 2005) . For example, intermittent administration of exogenous GH to hypophysectomized rats completely restores hepatic CYP2C11 levels in male rats and suppresses CYP2C12 levels in female rats, whereas continuous GH infusion (femaletype secretion) had the opposite effect. It is clear that regulation of testicular CYP1B1 is different from that of hepatic CYP2C11 and CYP2C12.
Administration of testosterone to hypophysectomized rats did not restore testicular CYP1B1 protein levels, suggesting that androgens are not involved in regulating constitutive CYP1B1 expression in rat testis. Testosterone acting through the androgen receptor is needed for normal development of the testis (Haider, 2004) . Previous studies showed that treatment of This article has not been copyedited and formatted. The final version may differ from this version. intact rats with high dosages of testosterone reduces LH secretion from the pituitary, represses transcription of genes involved in steroidogenesis, including CYP17A1 and CYP11A1, and inhibits spermatogenesis (Keeney and Ewing, 1990; Eacker et al., 2008) . Treatment of adult hypophysectomized rats with testosterone can partially restore spermatogenesis, but it had little effect on Leydig cell proliferation or function (Keeney and Ewing, 1990) . Our results indicate that testosterone has minimal effect on testicular CYP1B1 expression in the absence of LH.
It is now generally accepted that estrogens affect testicular development and function.
Consistent with this view are the experimental findings indicating that estrogens can be synthesized in testis by CYP19-catalyzed aromatization of androgens (Abney, 1999) and that estrogen receptors (both the α and β isoforms) are expressed in testis (Fisher et al., 1997; van Pelt et al., 1999) . In the present study, treatment of intact rats with exogenous estradiol had a profound negative effect on testicular CYP1B1 expression. A possible explanation for this finding is that estrogens disrupt the hypothalamic-pituitary axis, resulting in decreased serum levels of LH (Putz et al., 2001) . As shown in the present study, LH is a positive regulator of testicular CYP1B1 expression. However, another possible explanation for our finding is that estradiol suppresses testicular CYP1B1 expression by a mechanism independent of LH. This proposal is consistent with the observation that administration of exogenous estradiol to intact adult rats leads to decreased testicular mRNA levels of steroidogenic enzymes, especially CYP17A1 and CYP11A1, but this occurs without altering serum LH levels (Sakaue et al., 2002) .
The testis has been thought of as an organ that is non-responsive to thyroid hormones (Wagner et al., 2008) . However, it is now recognized that thyroid hormones play a role in testicular development and function. There is no information on the role of thyroid hormone in testicular expression of CYP enzymes, except that that T 3 suppresses CYP19 mRNA expression This article has not been copyedited and formatted. The final version may differ from this version. and enzyme activity in Sertoli cells isolated from intact prepubertal rats (Ando et al., 2001) . Our data show that T 3 [which is the bioactive form of thyroid hormone (Wagner et al., 2008) ], but not T 4 (a precursor of T 3 ), increased testicular CYP1B1 protein expression. However, T 3 did not fully restore the levels to those in intact adult male rats. The reason for the lack of an effect by T 4 is not clear. T 4 is metabolized to T 3 by iodothyronine deiodinase enzymes D1 and D2 (Wagner et al., 2008) . Although these deiodinase enzymes are expressed in testis in intact rats (Bates et al., 1999) , it is not known if their expression is compromised following hypophysectomy. Overall, T 3 appears to be a pituitary-dependent hormone that contributes minimally to the positive regulation of testicular CYP1B1 expression.
In summary, the major findings from the present study indicate that: 1) rat testicular CYP1B1 protein expression is developmentally regulated; 2) hypophysectomy of adult rats decreases testicular CYP1B1 expression; 3) the reduced CYP1B1 expression in hypophysectomized adult male rats is further decreased by intermittent GH pulses (i.e. twice daily s.c. injections), whereas it is increased by LH, FSH, and, to a much lesser extent, testosterone and T 3 ; 4) prolactin potentiates the increase in testicular CYP1B1 expression by LH in hypophysectomized adult rats; and 5) estrogen suppresses testicular CYP1B1 expression in intact male rats.
This article has not been copyedited and formatted. The final version may differ from this version. hypophysectomized adult male rats. Hypophysectomized adult male rats were treated with T 3 (2 mg/kg), T 4 (50 µg/kg), or an equal volume (0.1 ml/100 g body weight) of the vehicle (10 mM potassium phosphate, pH 8.3, containing 0.9% NaCl), administered as once daily s.c. injections for 7 consecutive days. Untreated intact adult male rats were included for comparative purposes.
All the animals were terminated on the morning after the last dose. Testicular microsomes were prepared and CYP1B1 protein levels were quantified by immunoblot analysis. Data are This article has not been copyedited and formatted. The final version may differ from this version. 
